INTRODUCTION
The projections of locus eoeruleus (LC) norepinephrine (NE) cells and of midbrain dopamine (DA) cells interact with large regions of the vertebrate forebrain. Neuronal activity in these cell groups in behaving animals suggests they are active when new environmental contingencies occur.
Norepinephrine and DA also engage the cyclic adenosine monophosphate (cAMP) cascade and, ultimately, activate the cAMP response element binding protein (CREB), a promoter of new protein transcription that is proposed to be universally involved in long-term memory formation (Silva et al., 1998) . The present review examines the hypothesis that NE and DA provide learning signals through the activation of their respective cAMPcoupled receptors, the 13-adrenergic receptor for NE and the D 1/D5 receptor for DA.
The LC-NE neurons project to all cortical forebrain regions, as well as to the cerebellum, spinal cord, and limbic and hypothalamic nuclei (Moore & Bloom, 1979) . Midbrain DA neurons project heavily to the frontal cortex, striatum, and limbic areas; other cortical areas also receive DA innervation (Moore & Bloom, 1978) .
The diffuse projecting pattern of NE axons was part of Kety's (1970) initial rationale for proposing, more than 30 years ago, that NE would serve as a signal to produce persistent facilitation of synaptic inputs when those inputs occurred in conjunction with significant consequences for the organism. Livingston's (1967) proposal of a widely projecting "Now Print" message was similar to Kety's NE learning signal. To mediate the learning effects of unconditioned stimuli (UCS), UCS should activate NE and DA neurons such that the release of NE and DA would occur in the appropriate temporal sequence to strengthen associated inputs. Cellularrecording studies indicate that both NE and DA neurons show patterns of activation that are consistent with a role as learning signals. The neurons do not invariably respond to unconditioned rewards or punishments, however, but instead are affected by the degree of predictability of such signals.
Midbrain DA neurons fire to unpredicted rewards and are depressed by the absence of predicted rewards (Hollerman & $chultz, 1998 ). This DA cellular firing pattern has been described as a 'teaching' signal because it occurs before reliable cue and reward associations have been made and disappears as such associations become established (Waelti et al., 2001) . Dopamine cell firing then becomes associated to the conditioned stimuli (CS) signaling reward and ultimately becomes associated only to the earliest CS in the temporal chain of events leading to reward (Schultz, 1998 (Mirenowicz & Schultz, 1996) .
When rewarding UCS are presented and are unpredictable, LC-NE neurons also fire (Sara et al., 1994; Sara, 1998) . When conditioning to such stimuli is established, the neurons no longer fire unless the reward contingency changes. For example, if a reward is omitted during extinction, then the neurons will fire again (Sara & Segal, 1991; Sara et al., 1994) in contrast to DA neurons, which decrease their firing rate when a predicted reward is omitted (Hollerman & Schultz, 1998 (Berman & Dudai, 2001 ).
The NE neurons are activated by both appetitive and aversive UCS (Sara & Segal, 1991) , by novel sensory events (Vankov et Norepinephrine produces long-term synaptic facilitation of glutamatergic perforant-path input to the dentate gyrus (Neuman & Harley, 1983; Lacaille & Harley, 1985; Harley & Milway, 1986; Stanton & Sarvey, 1985a , which requires the 13-adrenergic receptor activation (Stanton & Sarvey, 1985a; Lacaille & Harley, 1985; Harley & Milway, 1986) and is associated with the elevation of cAMP (Stanton & Sarvey, 1985b (Dahl & Li, 1994) .
Burst activation of the LC has recently been shown to produce long-term heterosynaptic facilitation at the perforant-path synapse, which depends on 13-adrenergic receptor activation and on protein synthesis (Walling & Harley, 2004 (Kobayashi et al., 2000; Izquierdo et al., 1998) and humans (Quevedo et al., 2003) . Dopamine application produces enduring heterosynaptic facilitation of glutamatergic inputs to the Mauthner cell in fish (Kumar & Faber, 1999) and of muscarinic inputs to sympathetic ganglia in rabbits (Libet, 1992 (Kimura & Nakamura, 1985; Nakamura et al., 1987) and the release of NE in the olfactory bulb (Rangel & Leon, 1995) . When stroking is preceded by exposure to a novel odor, the pups learn a preference for the novel odor (Sullivan & Hall, 1988) . Backward pairings do not produce conditioning (Sullivan & Hall, 1988) . A 13-adrenergic receptor agonist in the olfactory bulb can act as the UCS (Sullivan et al., 2000) , whereas a 13-adrenergic receptor antagonist in the olfactory bulb prevents odor preference learning to stroking UCS (Sullivan et al., 1992) . Thus, NE release and 13-adrenergic receptor activation in the olfactory bulb are both necessary and sufficient for rat pup odor preference learning (Wilson & Sullivan, 1994) .
Experiments in our laboratory have shown that intracellular cAMP elevation is essential for inducing odor preference memory. Phosphorylation of CREB, which modulates DNA transcription, is also essential in rat pup odor preference learning (Yuan et al., 2003a) . A similar role has been shown for CREB in odor aversion learning in Drosophila (Yin et al., 1994 (Yin et al., , 1995 .
Metabolic increases (Sullivan & Leon, 1986; Sullivan et al., 1990) (Yuan et al., 2003b) . Thus, although the specific circuit remains to be characterized, changes in the motivational significance of the odor, mediated by the changed patterns of mitral cell activity, produce learned odor-preference behavior.
The neuronal circuitry for odor preference learning in the olfactory bulb remains intact in adult rats, but LC signaling is altered after the neonatal period, providing only brief responses to tactile stimuli that, when paired with odor, do not produce odor preference learning or olfactory bulb change (Moriceau & Sullivan, in press). Nevertheless, the pharmacological activation of the LC designed to reinstate the firing response pattern of the neonate rat reinstates LC mediation of odor preference learning in older rat pups.
In adult sheep, the NE release pattern associated with giving birth mediates the learning of an odor preference in the ewe for its own lamb after parturition (Brennan & Keveme, 1997) .
Lamb odor preference learning depends on the activation of the 13-adrenergic cascade in the olfactory bulb. The data from sheep and older rat pups support the hypothesis that the magnitude and duration of NE release are critical for its role in inducing long-term learning. This view is consistent with the proposed requirement for higher synaptic NE levels to induce long-term as opposed to short-term spike potentiation to glutamate input in the dentate gyrus (Harley et al., 1996) . Such LC activation also transmits the learning effects of a UCS in classically conditioned heart rate in the pigeon (Wall et al., 1985; Wild & Cohen, 1985; Gibbs et al., 1986; Elmslie & Cohen, 1990 (Landers & Sullivan, 1999 (Wise, 2002 (Otmakhova & Lisman, 1996) . These effects differ from the direct heterosynaptic effects described earlier, which did not require the tetanization of glutamate pathways.
OTHER ASPECTS OF MODULATOR FUNCTION
Norepinephrine and dopamine cAMP-coupled receptor activation could promote' homosynaptic glutamate mechanism in direct ways, as well as interacting through second messenger cascade synergy. The activation of D1/D5 receptors in the frontal cortex (Lavin & Grace, 2001; Dong & White, 2003) , striatum (West & Grace, 2002) (Kitai & Surmeier, 1993) , and hippocampus (Pedarzani & Storm, 1995) can induce increased cell excitability. The NE activation of 13-adrenergic receptors also increases cell excitability (Lacaille & Schwartzkroin, 1988; Foehring et al., 1989; Stanton, 1992; Pedarzani & Storm, 1996) . Both DA and NE have been reported to reduce feed-forward inhibition concomitant with DA (Bissiere et al., 2003) or NE (Brown, 2003) pathway activation. Norepinephrine can also transiently suppress the higher beta and gamma frequency EEG oscillations that are associated with binding stable representations while promoting plasticity by enhancing theta rhythms (Brown, 2003) . Dopamine suppresses higher frequency oscillations in certain models (Weiss et al., 2003) . Finally, both NE (Stanton et al., 1989) and DA (Flores-Hernandez et RC106.
